mediated by a viral vector offers the possibility of targeted, sustained, and regulatable delivery of therapeutic levels of angiostatic proteins or small therapeutic molecules to the retina after only a single administration to the appropriate intraocular site. AAV vectors, in particular, have the ability to mediate efficient and stable transduction [25] , and we have already shown that the AAV2/8 vector can be transduced into the retina [18] . Recently, Askou et al. showed siRNA targeting VEGF expression localized to RPE cells inhibited neovascularization in a murine CNV model using a selfcomplementary AAV type 8 vector (scAAV2/8) [26] . We have already reported that single-strand AAV2/8 (ssAAV2/8) mediated soluble Flt-1 (sFlt-1) inhibited neovascularization in a murine CNV model [18] . Our future final goal is combination gene therapy using shRNA strategy and sFlt-1. However, since the scAAV has a severe size limitation of the insert gene (within 2.4 kb), it is difficult to express anti-angiogenic agents such as sFlt-1 (4Kb) for combination therapy. Therefore, to analyze whether ssAAV2/8-mediated shRNA against VEGF is effective, in the present study, we assessed the effect of shRNA targeting VEGF using ssAAV2/8 when expressed in the photoreceptor and RPE cells in a murine CNV model.
METHODS
Plasmid construction: Three siRNA sequences targeting the mouse VEGF gene were selected (SmVEGF-1, SmVEGF-2, and SmVEGF-3; Figure 1 ) using siRNA design software (siDirect) [27] . To express shRNA, we chose the human H1 RNA polymerase III promoter, which was used in viral vectormediated expression of shRNA and suppresses the target gene efficiently in vivo and in vitro [28, 29] . After synthetic double-stranded oligonucleotides were introduced into the BglII and HindIII sites of the pSUPER vector (OligoEngine, Seattle, WA), the BamHI and KpnI fragment was cleaved and introduced into the corresponding restriction sites of pSP72. The EcoRI fragment was then cleaved from that plasmid and introduced into the corresponding restriction sites of the AAV vector plasmid (CAGS-Gal_B19-EGFP_SUB201) [30] .
Treatment with siRNA plasmid in vitro:
Since we used siRNA against murine VEGF but not human VEGF, to analyze the effect of siRNA, we chose mouse-derived 3T3 cells. 3T3 cells maintained in Dulbecco's modified Eagle's medium (DMEM; D-5546, Sigma-Aldrich, Louis, MO) supplemented with 8% fetal bovine serum (FBS) were seeded to a density of 1 × 10 5 cells/well in a 24-well plate and allowed to adhere overnight. The cells were then transfected using Lipofectamine 2000 (Life Technologies, Tokyo, Japan) diluted 1:25 in Opti-MEM (Life Technologies). Each siRNA-containing plasmid diluted (20 ng/µl) in Opti-MEM was first added to the transfection mix at a 1:1 ratio and incubated at room temperature for 5 min. Then after the plated cells were washed with Opti-MEM, the siRNA/transfection agent complexes (DNA (µg): Lipofectamine 2000 (µl) = 1:2) were added (500 ng/well), and the cells were incubated for 72 h in 8% FBS DMEM at 37 °C under 5% CO 2 . Thereafter, the cells were trypsinized with 0.25% trypsin-EDTA (Sigma, St. Louis, MO) and centrifuged at 900 ×g for 5 min. The resultant cell pellets were washed in PBS (1X; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 0.5 mM MgCl 2 , pH 7.2; D-5773, SigmaAldrich) and centrifuged again at 900 ×g for 5 min at 4 °C. These cells were fixed using 1% paraformaldehyde (PFA)/ PBS (Wako, Pure Chemical Industries, Tokyo, Japan) and analyzed with fluorescence-activated cell sorting (FACS; BD FACSCalibur, Becton, Dickinson and Company, Franklin Lake, NJ). These cells were also used to isolate total RNA.
Semiquantitative PCR for detection of VEGF expression: Total cellular RNA was extracted from each sample, treated with DNase 1, and purified using a RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Valencia, CA). cDNA was generated by reverse transcription of 150 ng of RNA using random hexamer primers and a TaKaRa RNA PCR Kit (AMV) Ver.3.0 (TaKaRa, Shiga, Japan). Real-time quantitative PCR was performed using Premix Ex Taq (TaKaRa) on a 7500 Fast Real-Time PCR System (Life Technologies) with the following primers and probes: for VEGF, 5′-GCA CTG GAC CCT GGC TTT ACT-3′ (forward), 5′-ACT TGA TCA CTT ATG GGA CTT CTG-3′ (reverse), and 5′-CCA TGC CCA GTG GTC CCA GGC TG-3′ (probe); for GAPDH, 5′-CAT CAC TGC CAC CCA GAA GA-3′ (forward), 5′-ATG TTC TGG GCA GCC-3′ (reverse), and 5′-TGG ATG GCC CCT CTG GAA AGC TG-3′ (probe). The cycling protocol entailed incubation at 95 °C for 30 s followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s. Relative gene expression was calculated using the standard curve method. The VEGF mRNA levels were normalized to those of the housekeeping gene GAPDH. Each sample was run in duplicate, and each real-time PCR was repeated three times.
Generation of AAV vectors:
An AAV2/8 vector encoding siRNA targeting VEGF (AAV2/8/SmVEGF-2) and a control vector encoding GFP (AAV2/8/GFP) were generated using an adenovirus-free system and purified using a previously described discontinuous iodixanol gradient centrifugation method [31] . In brief, the viral solution was layered with Optiprep (iodixanol; Axis-Shield plc, Oslo, Norway). Then after iodixanol continuous gradient centrifugation at 100,000 ×g for 15 h at 16 °C, the viral fractions were collected from the bottom of the gradient. The purified virion titers were determined with quantitative PCR analysis (Igarashi et al., 2013) [31] . The AAV2/8/GFP and AAV2/8/SmVEGF-2 titers were 3 × 10 14 vector genomes (vg)/ml. Histology: To confirm the location of gene transduction following subretinal injection of the vectors, 2-month-old mice were anesthetized, and 1 µl of AAV2/8/GFP was administered. Two months later, the eyes were enucleated, fixed overnight in 4% PFA/PBS at 4 °C, and sequentially transferred every 3 h to PBS containing 10%, 20%, or 30% sucrose. The eyes were then frozen in optimal cutting temperature (OCT) compound on dry ice, after which 6-μm cryostat sections were cut in a plane parallel to the vertical meridian of the eye. The sections were mounted using a medium containing 4, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) and observed under a fluorescence microscope (Olympus, Tokyo, Japan). In addition, to assess the extent of the transfected surface following subretinal injection of the vectors, retinal flat mounts were made 2 weeks after injection, as described previously [31] .
Generation of a murine laser photocoagulation-induced choroidal neovascularization model:
To generate the CNV model, 2-month-old male C57BL/6 mice were first deeply anesthetized by intramuscular injection of ketamine hydrochloride (50 mg/kg; Daiichi Sankyo Company, Tokyo, Japan) and intraperitoneal injection of pentobarbital sodium (50 mg/ kg; Kyoritsu Seiyaku Corp, Tokyo, Japan). The experimental CNV model was then created as preciously described [18] .
Briefly, the beam from a diode laser (532 nm; Lumenis, Yokneam, Israel) was shone onto to the retina through a slitlamp biomicroscope using a 22-mm cover glass as a contact lens. The treatment parameters were chosen to produce a cavitation bubble in the choroid without hemorrhage (spot size, 100 μm 2 ; intensity, 120 mW; duration, 100 ms). Four laser burns were made at the 3, 6, 9, and 12 o'clock positions of the posterior pole, around the optic nerve in both eyes. One week before the laser treatment, 1 µl of AAV2/8/GFP or AAV2/8/ SmVEGF-2, was delivered by subretinal injection at the posterior limbus using a Hamilton syringe (Hamilton Inc., Reno, NV) with a 33-gauge needle.
Detection of choroidal neovascularization using fluorescein angiography: Two weeks after the laser treatment, the size of the CNV lesions was measured in the choroidal flat mounts [18] . Anesthetized mice were killed by cardiac perfusion of 40 ml of PBS, 5 ml of PFA/PBS in PBS, and 2 ml of a mixture of fluorescein-isothiocyanate (FITC)-conjugated high-molecular-weight dextran (molecular weights: 2 × 10 6 and 4 × 10 4 Da in a proportion of 2:1 at a concentration of 10 mg/ml; Sigma). The eyes were then enucleated and fixed in 4% PFA/PBS overnight at 4 °C. A technique for visualizing FITC-dextran-perfused vessels within CNV was modified to enable simultaneous visualization of cell nuclei within the lesions. The anterior segment and the neurosensory retina were removed, and four radial relaxing incisions were made in the remaining sclera-choroid-RPE complex. Green FITC fluorescence from within the neovascular complexes was then visualized using a fluorescence microscope (Olympus DP50, Olympus), and the images were taken using a cooled charge-coupled device (CCD) camera. Although the retina of the control group (AAV2/8/GFP) expressed GFP that was detected at a wavelength similar to FITC-dextran, it was not difficult to distinguish RPE cells and vascular complex due to their morphology. The margins of the CNV lesion were defined with the FITC-dextran f luorescence and determined using image-analysis software (Photoshop CS5 extended; Adobe, Tokyo, Japan). The lesion sizes of AAV2/8/ SmVEGF-2 (n = 12) and AAV2/8/GFP (n = 14) were averaged for each group. Data are presented with the means ± standard deviation (SD).
VEGF enzyme-linked immunosorbent assay: Two weeks after laser photocoagulation, the sclera-choroid-RPE complex and the neurosensory retina were isolated from AAV2/8/GFP and AAV2/8/SmVEGF-2 (each; n = 16). Thereafter, two samples from the sclera-choroid-RPE complex and the neurosensory retina were placed in 200 µl of 0.9% NaCl and homogenized, and the sclera was removed from the RPE/choroid complex. The resultant lysate was centrifuged at 17,000 ×g for 5 min at 4 °C, and the VEGF levels in 50-µl aliquots of supernatant were determined using a Mouse VEGF Quantikine ELISA kit according to the manufacturer's protocol (R&D system, Minneapolis, MN).
Statistical analysis:
Morphometric data from the different lesions in each eye were averaged to provide one value per eye. The mean and standard deviation (SD) for these measures for each group were calculated, and the Student t test was used to compare the groups (Microsoft Excel, Microsoft, Redmond, WA). In all cases, values of p<0.05 were considered statistically significant.
RESULTS

Suppression of VEGF expression in 3T3 cells:
The 3T3 cells transfected with each of three AAV vector plasmids encoding siRNA targeting VEGF were examined using semiquantitative real-time PCR. The transfection efficiency was nearly 65% (Figure 2A ; pGFP; 65.22±15.65, pSmVEGF-1; 65.62±5.38, pSmVEGF-2; 67.29±11.42, pSmVEGF-3; 69.03±9.44), and VEGF expression was reduced by up to 55% in the cells treated with AAV2/8/SmVEGF ( Figure  2B ; pSmVEGF-1; 0.76±0.14, pSmVEGF-2; 0.55±0.14, pSmVEGF-3; 0.55±0.08). Somewhat stronger VEGF suppression was achieved with pSmVEGF-2 and pSmVEGF-3 than pSmVEGF-1 (pSmVEGF-1, pSmVEGF-2, pSmVEGF-3:0.77, 0.55, 0.55), so we selected pSmVEGF-2 for use in the subsequent in vivo experiments.
Widespread transduction by AAV8/GFP vector:
To deliver the siRNA into the RPE cells responsible for VEGF expression, we chose a type 8 AAV vector, which we previously showed mediated highly efficient transduction [18] . Then to confirm which areas of the retina were transduced following subretinal injection of the AAV2/8/GFP vector, we performed a histological analysis of GFP expression using frozen sections and flat mounts. In frozen sections, GFP fluorescence was detected in photoreceptors and RPE cells from all injected eyes (n = 3; Figure 3A,B) . Similarly, widespread GFP fluorescence was observed in RPE cells in the retinal flat mounts (n=3; Figure 3C ,D).
Decrease in choroidal neovascularization lesions:
We next investigated the efficacy of AAV2/8/ SmVEGF-2 in a murine laser photocoagulation-induced CNV model. The ability to inhibit angiogenesis was analyzed using the choroidal flat mount method [18] . In the case of the AAV2/8/GFP group, the RPE cells expressed GFP. However, it is not difficult to distinguish between GFP and CNV, as shown in Figure 4A -C. We found that CNV was significantly inhibited in the mice treated with AAV2/8/ SmVEGF-2 (n = 12), compared with the mice treated with AAV2/8/GFP ( Figure 4F ; 1597.3±2077.2 versus 5039.5±4055.9 µm 2 ; n = 14, p<0.014). Thus, subretinal injection of AAV2/8/ SmVEGF-2 was an effective treatment for CNV in our murine model.
Suppression of VEGF in RPE cells:
Finally, we analyzed the VEGF level in the RPE/choroid complex and the neurosensory retina using a specific ELISA in treated mice. We found that the VEGF levels were slightly reduced in the neurosensory retina of the AAV2/8/SmVEGF-2 treated mice compared to the control AAV2/8/GFP mice (3.41 versus 3.84 pg/eye; Figure 5B). However, significant suppression of the VEGF level was observed in the RPE/choroid complex from mice treated with AAV2/8/SmVEGF-2 compared with AAV2/8/ GFP (3.6 versus 6.06 pg/eye, p=0.0182) ( Figure 5A ). Thus, exogenous expression of siVEGF suppressed VEGF in this murine CNV model.
DISCUSSION
Among the various strategies proposed to prevent choroidal neovascularization in mice, administering siRNA specifically targeting VEGF [23] or VEGF receptor 1 [24] has proved effective. However, groundbreaking clinical trials of naked VEGF-A siRNA (bevasiranib) and VEGF receptor 1 siRNA (siRNA-027) [32, 33] were suddenly halted due to adverse side effects, and the primary endpoints were never reached. Kaiser et al. reported some efficacy with lower doses, but not with the higher range of doses [33] . It was also reported that although siRNAs composed of 21 nucleotides (nt) or more suppressed CNV, the effect was unrelated to an RNAi action; instead, the siRNA activated cell surface toll-like receptor-3 (TLR3) in a sequence-and target-independent manner [34] . Consistent with that finding, two independent groups similarly reported that non-targeted 21-nt siRNA suppressed CNV [35, 36] . In addition, Kleinman et al. demonstrated that non-internalized siRNAs induce retinal degeneration in mice by activating surface TLR3 on RPE cells [37] . They also suggested that evasion of immune system recognition might be accomplished through the use of siRNA duplexes shorter than 21 nt.
These observations suggest injection of naked siRNA may cause side effects by acting via TLR3 in the cytoplasm. However, this may be avoided by generating siRNA through virally mediated gene expression, as this siRNA could directly interact with targeted nucleic acid sequences in the nucleus. TLR3-dependent suppression on angiogenesis has also been seen in the laser-induced CNV model [33, 37] . Consistent with the hypothesis of a TLR3 pathway proposed by Kleinman et al. [37] , it may be that siRNA administration can trigger nonspecific autoimmune diseases, including uveitis, as siRNA may activate TLR3 on the cell surface and mimic a viral infection. Furthermore, repetitive activation of TLR3 by external siRNA may induce immune tolerance, which could also have adverse effects. We therefore strongly suggest that, for clinical application (e.g., for AMD), the delivery of siRNA encoded by an AAV vector is superior to repetitive external administrations of siRNA, and that viral delivery of siRNA gene is a potentially variable approach to treatment.
We confirmed that GFP is efficiently expressed following subretinal injection of AAV2/8/GFP in mice, and that the GFP expression was localized to photoreceptor cells and RPE cells. Some groups have reported that exogenous gene expression is limited to the bleb area following subretinal injection [38, 39] , while others reported that the area of expression extended over the entire retina [40, 41] . We recently reported that the average relative area of GFP expression (the expression area/ the whole area) following subretinal injection of AAV type 8 GFP was 18.0±18.9% in the neural retina and 29.3±25.8% in the RPE cells [31] . We suggested that the transduction efficiency depends on various factors, including the injection site, vector volume, viscosity, titer, and the age of injected mice. In the experiment of Askou et al., GFP expression was limited in the RPE cells [26] . They commented that effective titers below a particular threshold could lead to inefficient photoreceptor transduction. Our earlier findings indicate that AAV2/8/GFP can be used for photoreceptor transduction [18, 31] . Askou et al. reported that AAV-mediated gene transfer of siRNA targeting VEGF did not reduce the diameter of CNV, but decreased the horizontal extension of CNV measured in retinal cross-sections. In contrast, we observed that AAV-mediated siRNA decreased the CNV size in retinal flat mounts. Moreover, we examined whether AAV2/8/ SmVEGF-2 decreased VEGF expression using the ELISA system in the RPE/sclera complex and the neurosensory retina. VEGF levels were significantly decreased in the RPE/ choroid complex, but were not decreased in the neurosensory retina. We suggested that the decrease in VEGF in the RPE/ choroid complex led to the downsizing of CNV, since the VEGF level in the RPE/sclera complex was higher than in the neurosensory retina.
We previously investigated the inhibition of ocular neovascularization through lentivirus-mediated expression of angiostatin [42] and AAV2/8-mediated expression of soluble flt-1 [18] . Flt-1 is a member of the VEGF receptor family, Figure 5 . VEGF levels in RPE/ choroid complex. Using a specific enzyme-linked immunosorbent assay (ELISA), VEGF levels were measured in cells transduced using adeno-associated vir us type 8 vector/green f luorescent protein (AAV2/8/GFP) or AAV2/8/ SmVEGF-2. AAV2/8/SmVEGF-2 suppressed VEGF expression in a murine choroidal neovascularization (CNV) model. and we showed that soluble flt-1 inhibited CNV by blocking the activity of VEGF. This is noteworthy since siRNA suppresses the production of VEGF, but it does not affect VEGF already present. Lawrence et al. therefore suggested using a combination of siRNA-VEGF and ranibizumab [32] . Similarly, we suggest AAV-mediated expression of siRNA-VEGF and soluble flt-1 may be an effective approach to anti-angiogenesis therapy. In the case of sufficient and rapid expression of shRNAs, self-complementary (sc) AAVs might be preferable. However, since scAAV have a severe size limitation of the insert gene (within 2.4 kb), it is difficult to express anti-angiogenic agents such as Flt-1. In the present study, we assessed the effect of siRNA targeting VEGF using single-strand AAV type 8 vector (ssAAV2/8) when expressed photoreceptor and RPE cells in a murine CNV model. To develop the combination therapy, in this experiment, we used the single strand AAV vector used in a previous report [18] , and suppression of CNV is possible through the use of stable ssAAV2/8-mediated siRNA-VEGF expression. These results indicated that ssAAV2/8/SmVEGF-2 is useful for combination therapy.
In summary, we have shown that type 8 ssAAV-mediated siRNA-VEGF expression decreased VEGF and inhibited CNV in an experimental model of CNV. This finding demonstrates the feasibility of an in vivo gene therapeutic approach to the clinical management of CNV in conditions such as AMD.
